The Mekong Delta is the most important food production area in Vietnam. Salinity intrusion during the dry season 10 poses a serious threat to agricultural production and local livelihoods. A seasonal forecast of salinity intrusion is required in order to mitigate the negative effects. This communication present a simple statistical seasonal forecast model able to predict the salinity intrusion up to 9 months ahead with high skill. The model can thus be used as a basis for timely adaptation and mitigation planning, which is urgently needed for the imminent severe salinity intrusion expected in spring 2020.
about 236 million US$. Furthermore the Vietnamese National Steering Center for Natural Disaster Prevention and Control 30 reported that 194,000 households lacked freshwater for domestic use in the Mekong Delta (VDMA, 2016) .
The main damaging effect is the lack of fresh water required for irrigation of rice paddies, but also of fruit orchards and vegetable farming. Because of this lack the crops die either by lack of water or by the adverse effects of high salt concentration in the irrigation water. Therefor salinity intrusion in the Mekong Delta can also be termed as agricultural drought and is a serious hazard for large parts of the population, for which agriculture is still the basis of íts livelihood. An 35 important factor for the large damages were the lack of appropriate mitigation plans, and a timely early warning of the serious salinity intrusion in order to prepare and adapt the agricultural practices for damage reduction. Forecasts of salinity intrusion in the Mekong Delta is provided by the Southern Regional Hydro-Meteorological Center SRHMC. Those forecasts are based on a complex chain of hydrological models, thus requiring a large amount of input data and computational demand. Those forecast require flow and rainfall data until the end of October, thus enabling lead times of 4-6 weeks to the 40 planting of the winter crops only. This lead time is, however, too short to plan and adapt the cropping system well ahead of the drought event. Forecasts with lead times of several months are required to change the cropping system and prepare the crop during the dry (December to April) season.
A drought such as in 2016 is expected to occur more often in future, as rainfall anomalies deficiencies occurring with El Nino events are expected to occur more frequently (Azad and Rajeevan, 2016) . Additionally sea levels around the Mekong 45 Delta continue to rise (Smajgl et al., 2015) , thus causing increasing backwater effects restricting the discharge during the dry season and consequently promote salinity intrusion. The 2016 event was a wake-up call for the society and officials in Vietnam, as it proved that large structural problems in drought management and mitigation exist.
In order to support disaster management this study aims at the development of a reliable and simple salinity intrusion forecast system enabling lead times of several months, and thus a better adaptation to salinity intrusion and agricultural 50 droughts in the Mekong Delta.
Hydrology, data and method
The climate and hydrology of the Mekong Delta and Mekong basin are dominated by the monsoonal climate, separating the hydrological year into distinct rainy/high flow and dry/low flow seasons, whereas the hydrological regime lags the climate regime depending on the location in the basin. In the Mekong Delta this lag is most noticeable due to the time required for 55 transforming rainfall in the about 800,000 km 2 large basin into runoff formation and discharge concentration in the basin and routing to the delta. The lag time in the delta between onset and end of rainy and flood season can be up to 2 months. This lag time opens the possibility of a hydrological forecast, i.e. flow magnitude, by anteceding discharge in general. In fact, anteceding discharge is still the main predictor for the flow forecast published by the Mekong River Commission MRC (Shahzad and Plate, 2014) . Moreover, the dry season discharge in the Mekong Delta crucially depends on the runoff 60 generated in the Mekong basin, which is in turn depending on the amount of rainfall in the basin during the monsoon period, i.e. depending on the monsoon intensity (Delgado et al., 2012) . The SE-Asian monsoon intensity is itself determined by the periodically changing sea surface temperatures in the western central Pacific Ocean (West Pacific Warm Pool), associated with the El Nino Southern Oscillation ENSO. Of particular importance for the monsoon strength is the situation of ENSO in winter and spring prior to the monsoon season, when the general circulation and moisture fluxes for the monsoon season are 65 initiated (Ju and Slingo, 1995) . Therefor the following general causal chain for dry season discharge and thus salinity intrusion in the Mekong Delta can be formulated: ENSO determines the intensity of the SE-Asian monsoon, the monsoon intensity determines the rainfall amount over the Mekong basin, the rainfall amount determines the flood season discharge, the flood season discharge is itself indicative for the following dry season discharge, and the dry season discharge determines the salinity intrusion into the delta. 70
This general causal chain forms the basis for the simple salinity intrusion forecast model presented in this study. First, an early forecast will be attempted utilizing ENSO indexes as predictor. Secondly, an additional forecast will be tested using flood season and early dry season discharge as predictor. Monthly ENSO indexes were collected from the Asia-Pacific
Research Centre in Hawaii (http://apdrc.soest.hawaii.edu/projects/monsoon/daily-data.html#montar). Furthermore monthly discharge data were collected from SRHMC for the gauging station Tan Chau in the Vietnamese part of the Mekong Delta, 75 situated at the Mekong (Tien in Vietnam) branch of the Mekong in the Delta (Figure 1 ). The salinity intrusion in the Delta is measured by the hydro-meteorological services during the dry season at several non-permanent gauging location in the Mekong Delta usually at 2 hour intervals. The measurements are, however, not continuous, but typically performed for several days in a row, with some days without measurements in between. The longest time series of these measurements was available for gauge Son Doc in Ben Tre province in the estuary of the Mekong (Tien) river branch ( Figure 1 ). The salinity 80 measurements covered the time span 1996 -2016. In order to derive a meaningful predictand of salinity intrusion, the mean salinity of February and March was calculated from the available salinity measurements. This aggregation time period was chosen, because it coincides with the vegetative stage of irrigated paddy grown during the dry season, which is the most sensitive phase of paddy rice to high salinity levels (Kotera et al., 2014) .
The envisaged seasonal forecast of salinity intrusion does not aim at forecasting the exact mean salinity intrusion of this 85 period, but rather at forecasting the probability of critical levels of salinity intrusion are likely to be exceeded. For paddy rice a salinity of the irrigation water exceeding 4 g/l is seen as too high for the plants to survive during the vegetative stage.
Therefore a mean salinity of 4 g/l during February and March (FebMar) is adopted as critical salinity level for the forecast model. The mean salinity threshold during this period means that this threshold will be exceeded at 46% of the time considering the negative exponential distribution of the data. In addition to the critical salinity level a threshold of 3 g/l mean 90
FebMar salinity is used as predictand. This threshold is exceeded at 56% of the time in February and March and serves as a warning threshold, indicating a strong salinity intrusion with chances of salinity also exceeding 4 g/l at times.
The forecast model is then based on a logistic regression (LR), i.e. a linear statistical model. The logistic regression is selected because categories (exceedance of the salinity thresholds or not) are forecasted by continuous variables. For this kind of regression the logistic regression is the appropriate tool. LR is very flexible, as it is not limited to normally distributed predictors, as e.g. the Linear Discriminant Analysis. Regression models are tested using either ENSO indexes or antecedent streamflow indexes as predictors. The ENSO indexes tested were monthly ENSO1, ENSO3, ENSO4, and ENSO34 indexes starting in April before the dry season, i.e. with a lead time of up to 9 months before the start of the forecasted FebMar time period. For the streamflow predictors the monthly discharges at Tan Chau were transformed into Standardized Streamflow Indexes (SSI). This is similar to transforming precipitation into Standardized Precipitation Indexes 100 (SPI), as typically done in drought studies and drought definitions. SSI has been applied e.g. for predicting streamflow in Southern Africa (Seibert et al., 2017) , and has the advantage that a drought condition can be directly recognized by the SSI value, and that the prediction models can be easier transferred and compared to other gauging station with different streamflow magnitudes. SSI was derived for different aggregating time spans ranging from 1 month (SSI1) to 6 months (SSI6), each starting in June prior to the dry season, i.e. with a maximum of 7 months lead time. 105
The forecast models were tested with all predictors, and the best performing ENSO and SSI predictors were manually selected according to the Receiver Operator Characteristic (ROC) score, the Akaike Information Criteria (AIC), the Cragg and Uhlers Pseudo-R 2 , which is defined for categorical variables analogously to the normal R 2 for continuous variables, and the accuracy (rate of correct forecasts). In order to test the robustness of the linear models a Leave-one-Out Cross validation (LOOCV) was also performed, as in Apel et al. (2018) for forecasting seasonal streamflow in Central Asia. 110
Results and discussion
The performance testing of the ENSO predictors identified the ENSO34 index as best performing ENSO index. The best forecast could be obtained with the April index, i.e. with a lead time of 9 month. Figure 2 (top) illustrates the performance of the forecast model. Using only the ENSO34 index of April a ROC score of 0.98 and 0.8 and an accuracy of 95% and 71% could be achieved for the 3 g/l and 4 g/l thresholds, respectively. Also the pseudo-R2's with 0.89 and 0.4 are very high 115 considering the usually lower values of pseudo-R 2 compared to normal R 2 values. This is extraordinary high for a seasonal forecast with such a long lead time. The LOOCV resulted in similar high performances, thus indicating the robustness of the statistical model. The logistic regression curves in the top-right insets show that the 3 g/l threshold can be very well discriminated by the ENSO34 index. The steep slopes of the probabilities changing from drought classification to nondrought classification illustrate this. For the 4 g/l threshold the slopes are more gentle indicating a less pronounced 120 discrimination, which is expressed by the lower performance values. The bottom insets in the figure panels show the observed drought events with reported high salinity intrusion and the forecasts of the model, including the LOOCV forecasts. It can be seen that only 1 out of 21 dry seasons would have been misclassified as drought for the 3 g/l threshold.
For the 4 g/l threshold 6 out of 21 events would have been wrongly predicted. In this context it has to be noted that the probability threshold for classifying a forecast as droughts was set to 0.5. Using different probability thresholds for drought 125 classification has been tested and resulted in different classification errors, but the number of wrong classifications and thus the performance values remained the same. The forecast performance with ENSO is decreasing with decreasing lead times, as shown in Figure 3 by decreasing ROC scores and increasing AIC values. This finding is in line with the causal chain explained above, where ENSO is preceding the monsoon development. During the monsoon period ENSO changes already to a different state, but having less impact on 130 the monsoon intensity (Ju and Slingo, 1995) , thus the value of ENSO as predictor for the salinity intrusion is decreasing.
An opposite behaviour is observed for the SSI predictors (Figure 3) . These show in general an increasing performance with decreasing lead time. This behaviour also reflects the hydrological system of the Mekong, where the streamflow at the late flood (October-November) and early dry (December) season are an aggregated measure of the total monsoonal rainfall amount over the Mekong basin, which is more reliable compared to streamflow during the early and high flood season. The 135 SSI3 predictor, i.e. an aggregated index of three months of discharge, performs best, but only slightly better than SSI4 and SSI6 (not shown). The best forecasts were obtained for November and December, i.e. with 1 -2 month lead time.
Interestingly the SSI forecasts were in general better for the 4 g/l threshold than for the 3 g/l threshold (Figure 3) , which is also opposite to the forecasts with ENSO. The 4 g/l threshold exceedance can be forecasted with a ROC score of 0.85 and an accuracy of 85% with SSI3 in December and November (Figure 2, bottom panel) . Only 3 out of 21 events were wrongly 140 classified for this salinity threshold. This means that the early salinity intrusion forecast by ENSO for the critical salinity threshold of 4 g/l can be further improved with SSI forecasts a few months prior to the dry season, which is important for the actual implementation of disaster mitigation plans.
Conclusions and outlook
The proposed simple linear seasonal forecasting model of salinity intrusion in the Mekong Delta based on ENSO and SSI 145 predictors proved to be a useful tool for an early warning of salinity intrusion during the dry, low flow season in the Mekong delta. The exceedance and non-exceedance of critical and high levels of salinity at the Son Doc gauging station could be forecasted with high probabilities. Combining the ENSO and SSI forecast models results in a forecasting system that could deliver an early warning as early as 9 months prior to the period of the dry season most critical for paddy rice, but also for other crops and fruit orchards. The early forecasts with ENSO in April before the actual flood and the following dry season 150 could serve as an early warning of a likely high salinity intrusion. The later forecasts based on SSI would then provide more reliable forecasts of a severe salinity intrusion that would cause high damages and negative impacts of the livelihood of the population in the coastal provinces of the Mekong Delta, if no mitigation action are initiated in time. Based on the long lead times of the forecasts appropriate mitigation measures can be planned already during the flood season, i.e. well ahead of the dry season, and then activated if the early forecasts are confirmed by the late forecasts based on SSI, i.e. actual observed 155 discharges. Therefore the proposed forecasting model could be used as a data based support for disaster mitigation planning.
Due to its simplicity the model can easily be transferred to other gauging stations in the Mekong Delta thus providing a larger picture on a larger data base, if sufficient data is available. The studied gauge Son Doc can be seen representative for the general salinity intrusion in the Mekong Delta, but forecasts of a larger number of stations would increase the data based 
